1.. Introduction {#s1}
================

With the rapid development of the global economy, heavy metal contamination in water has become an increasingly prominent issue. Chromium (Cr) is a typical heavy metal contaminant that cannot be biologically transformed. This metal element often circulates through the food chain and accumulates in living organisms, causing a variety of disorders and diseases \[[@RSOS180472C1]\]. Therefore, the treatment of Cd contamination in water has become a hot topic of environmental research in recent years \[[@RSOS180472C2]--[@RSOS180472C7]\]. Available sewage treatment methods mainly include extraction, \[[@RSOS180472C2]--[@RSOS180472C5]\] ion exchange, \[[@RSOS180472C5]--[@RSOS180472C7]\] biological treatment \[[@RSOS180472C8]\] and electrosorption \[[@RSOS180472C9],[@RSOS180472C10]\]. Among these methods, electrosorption is considered the most effective method for sewage treatment. The electrosorption technique applies electrical voltage to the electrode surface, which drives the charged ions to migrate towards the opposite electrode and adsorb onto it, thereby removing heavy metal ions \[[@RSOS180472C11]--[@RSOS180472C14]\].

Electrode material is a key factor in the electrosorption technique. The electrode for electrosorption is required to have high electrical conductivity, large specific surface area and stable electrochemical performance \[[@RSOS180472C15]\]. Johnson *et al*. \[[@RSOS180472C16]\] found that activated carbon has excellent electrical conductivity, large specific surface area and stable chemical performance. Satisfactory results were obtained in the removal of organic contaminants and heavy metal ions from water by electrosorption using activated carbon as the electrode material. However, activated carbon, when used as an electrode material for electrosorption, has a few disadvantages such as low microporosity, poor moulding performance, and low adsorption and regeneration efficiency \[[@RSOS180472C17]--[@RSOS180472C19]\].

Activated carbon fibre felt (ACFF) is a novel material, which is made of activated carbon fibre. ACFF is characterized by good electrical conductivity and chemical stability, with small and uniform pore size. This material has a high rate and velocity of adsorption for small molecules, while desorption readily occurs \[[@RSOS180472C20]\]. To date, ACFF has been frequently used as an adsorbent and extensively studied in air purification and gas adsorption. Peng *et al*. \[[@RSOS180472C21]\] showed that ACFF had a markedly high rate of gas adsorption, and that the purification efficiency of ACFF for formaldehyde, dust and other harmful substances was more than two times that of ordinary carbon fibre \[[@RSOS180472C22]\]. However, ACFF has rarely been studied as an adsorbent in sewage treatment.

During the preparation process, ash materials are often introduced into industrialized ACFF and plug the porous channels, seriously affecting the electrical conductivity and adsorption efficiency of the product. To solve this problem, ACFF needs to be pretreated before use for improving its adsorption performance \[[@RSOS180472C23]\]. Mei *et al*. \[[@RSOS180472C24],[@RSOS180472C25]\] used ACFF modified with 20% nitric acid (HNO~3~) as an electrode and noted marked improvements in specific surface area, micropore number, and content of phenolic hydroxyl group and oxygen-containing functional groups; HNO~3~ modification also improved the electrical conductivity of ACFF and achieved the best modifying effect compared with other reagents. Furthermore, Mei *et al*. \[[@RSOS180472C24],[@RSOS180472C25]\] showed that the modified ACFF achieved a remarkable effect for electrosorption of sulfonamides in water. However, the research about the electrosorption of inorganic contaminants such as heavy metal ions in water still was less.

In this study, we modified ACFF with 20% HNO~3~ and characterized its structure. The modified ACFF was used as an electrode for electrosorption of Cr^6+^ in water, in order to explore the effects of pH, voltage and plate spacing on the electrosorption performance of modified ACFF electrode. We analysed the electrosorption efficiency of the modified ACFF electrode and established its kinetic and isotherm models \[[@RSOS180472C26]\]. Finally, we analysed the regenerability of the modified ACFF electrode.

2.. Material and methods {#s2}
========================

2.1.. Modification of activated carbon fibre felt {#s2a}
-------------------------------------------------

The ACFF (Analytical reagent, Senyou Carbon Fiber Co., Ltd., Nantong, Jiangsu, China) was cut into 10 cm × 20 cm rectangled pieces. The materials were soaked in 1000 ml of deionized water for 2 h and then repeatedly rinsed with deionized water for 40 min. The washed materials were placed in a beaker containing 20% (W/V) HNO~3~ \[[@RSOS180472C27]\] and incubated on a thermostat oscillator for 2 h. Subsequently, the materials were washed with deionized water until the electrical conductivity of the washing liquid was lower than 10 µS cm^−1^. The materials were dried in an oven at 130°C for 10 h and then stored in a desiccator until use.

2.2.. Preparation of electrosorption device {#s2b}
-------------------------------------------

The electrosorption device consisted of a direct-current power supply, a latex tube, a peristaltic pump, a liquid storage tank and a composite electrode (made of modified ACFF and stainless steel tube). The stainless steel was connected to the anode for the treatment of negatively charged contaminants and it was connected to the cathode for desorption and regeneration. During the treatment of Cr^6+^, Cr^6+^ ions were mainly present in the forms of Cr~2~O~7~^2--^, HCrO^4−^ and Cr~3~O~10~^2−^. The contaminants were negatively charged and the ACFF electrode was therefore connected to the cathode. The experimental device is shown in figures [1](#RSOS180472F1){ref-type="fig"} and [2](#RSOS180472F2){ref-type="fig"}. Figure 1.Diagram of electrosorption device used for removal of Cr^6+^ from water. Figure 2.Plan of electrosorption device used for removal of Cr^6+^ from water (1. Stainless steel electrode, 2. Activated carbon fibre felt electrode, 3. Water inlet and 4. Water outlet).

2.3.. Electrosorption experiments {#s2c}
---------------------------------

Single-factor experiments were conducted to analyse the effects of pH (2--10), initial concentration of Cr^6+^ (20--300 mg l^−1^), voltage (0.6--1.2 V), plate spacing (5--20 mm) on Cr^6+^ removal by electrosorption. One pair of electrodes were used in the electrosorption device for each experiment. Data were statistically analysed and multiple comparisons were performed using SPSS (Statistical Product and Service Solutions) (v. 19.0, IBM SPSS, Somers, NY, USA) \[[@RSOS180472C23]\].

2.4.. Kinetic analysis of Cr^6+^ electrosorption {#s2d}
------------------------------------------------

Electrosorption experiments were conducted using a 20 mg l^−1^ Cr^6+^ solution (pH 6) under the following conditions: voltage, 1.2 V; plate spacing, 5, 10, 15 and 20 mm; and flow rate, 0 ml h^−1^. The supernatant was collected at 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 h. The samples were filtered (0.45 µm Millipore filter) before the measurement of Cr^6+^ concentration in solution.

2.5.. Thermodynamic analysis of Cr^6+^ electrosorption {#s2e}
------------------------------------------------------

Different concentrations (20, 60, 100, 200 and 300 mg l^−1^) of Cr^6+^ solution were prepared at pH 6. Electrosorption was conducted under the following conditions: temperature, 298 K; voltage, 1.2 V; flow rate, 0 ml h^−1^; and plate spacing, 5 mm. Twenty-four hours later, the supernatant was taken and filtered (0.45 µm pore filter). The Cr^6+^ concentration in solution was analysed as previously reported \[[@RSOS180472C28]\].

2.6.. Cr^6+^ analysis in water {#s2f}
------------------------------

The concentration of Cr^6+^ ions in the experimental sewage was analysed by spectrophotometry using 2,2-diphenylcarbonic dihydrazide \[[@RSOS180472C26]--[@RSOS180472C28]\]. Standard Cr^6+^ solutions were prepared at the mass concentrations of 0, 0.5, 1, 2, 4, 8 and 16 mg l^−1^. The absorbance of the solutions at 540 nm wavelength was measured using a TU-1901 double-beam UV--Vis spectrophotometer (Beijing Ordinary General Analysis Instrument Co., Ltd., Beijing, China). The equation of the standard curve was obtained, *A* = 0.0082 × C\[Cr^6+^\] + 0.0007, where *A* is the absorbance at 540 nm wavelength and C~Cr~^6+^ is the concentration of Cr^6+^ (*R*^2^ = 0.9999).

2.7.. Activated carbon fibre felt characterization {#s2g}
--------------------------------------------------

The surface morphology of ACFF samples was characterized using a FEI Quanta 200 scanning electron microscope (Carl Zeiss AG, Jena, Germany) under the following conditions: acceleration voltage, 3000 V; operating current, 10 µA; and working distance, 2.0--2.5 mm. N~2~ adsorption/desorption isotherms were obtained using an ASAP 2020 adsorption--desorption analyzer (Micromeritics instrument Corp., Atlanta, USA) at 77 K after samples were degassed at 105°C under 0.133 Pa for 24 h. The specific surface area, pore volume and pore size distribution of ACFF samples were calculated using the BET, t-plot and SF methods, respectively \[[@RSOS180472C18]\]. Fourier-transform infrared (FTIR) spectroscopy was performed using ACFF mixed with spectroscopically pure potassium bromide in a l : 100 (W/W) ratio. FTIR spectra were acquired using the tablet method \[[@RSOS180472C24]\].

2.8.. Activated carbon fibre felt regeneration test {#s2h}
---------------------------------------------------

The electrosorption reactor was backwashed and regenerated using 20% HNO~3~ as the regenerant. The efficiency of backwashing and regeneration was compared between different electrodes (activated carbon, unmodified ACFF and modified ACFF) by experiments on a static oscillator. The modified ACFF electrode was allowed to reach saturated adsorption in 80 ml of 20 mg l^−1^ Cr^6+^ solution at the voltage of 1.2 V on the oscillator for 12 h and the adsorption capacity was then measured. Next, the electrodes at the ends of the plate were reversed \[[@RSOS180472C29]\] and regenerated in 20% HNO~3~ at 2 V for 2 h. After regeneration, the ACFF electrode was washed with deionized water followed by readsorption under the same conditions. The readsorption capacity was obtained and the regeneration rate of modified ACFF was calculated. The same approach was used to calculate the regeneration rate of activated carbon and unmodified ACFF electrodes. Each electrode was subjected to five adsorption-regeneration cycles. The regeneration rate was calculated as follows: $$\text{regeneration\ rate}(\text{\%}) = {\frac{\text{readsorption\ capacity}}{\text{initial\ adsorption\ capacity}} \times 100}$$

3.. Results and discussion {#s3}
==========================

3.1.. Characteristics of activated carbon fibre felt {#s3a}
----------------------------------------------------

### 3.1.1.. Surface morphology {#s3a1}

SEM images ([figure 3](#RSOS180472F3){ref-type="fig"}*a--c*) show that before modification, the ACFF contained a large number of disorderly arranged, irregular fibre with normal shape and similar size, which also formed a small number of grooves to varying depths with discontinuities and irregular voids; the surface of the section was relatively flat and smooth. After being modified, the ACFF surface became more smooth and the longitudinal grooves were more prominent ([figure 3](#RSOS180472F3){ref-type="fig"}*d--f*); this change in structure was conducive to increasing the specific surface area of the ACFF, thus providing more adsorption sites \[[@RSOS180472C30]\]. Figure 3.SEM images of activated carbon fibre felt before (*a--c*) and after modification with 20% HNO~3~ (*d--f*).

### 3.1.2.. Specific surface area and pore structure analysis {#s3a2}

The N~2~ adsorption/desorption isotherms of unmodified and modified ACFF are shown in [figure 4](#RSOS180472F4){ref-type="fig"}. It can be seen that microporous adsorption occurred in the low-pressure region; the curve rose rapidly with intensive single points. As the relative pressure *P*/*P*~0~ increased, the adsorption/desorption isotherms showed a retention loop. The adsorption capacity of ACFF increased rapidly only in a range of extremely low relative pressure and then gradually levelled off when a certain pressure was reached. [Figure 4](#RSOS180472F4){ref-type="fig"}*b* shows that the modified ACFF maintained high adsorption--desorption capacity in the range of *P*/*P*~0~ \< 1.0. According to the classification of adsorption isotherms proposed by the International Union of Pure and Applied Chemistry, the isotherms of modified ACFF were close to type IV and showed an H~4~ retention loop. This type of adsorption isotherm indicates that the modified ACFF contained a large number of micropore structure. All the isotherms showed a slight smearing, indicating the presence of mesopores in the ACFF \[[@RSOS180472C30]\]. Figure 4.N~2~ adsorption--desorption isotherms of activated carbon fibre felt before (*a*) and after modification (*b*).

The specific surface area, average pore size and micropore volume of modified ACFF improved to varying degrees, by 32.2%, 2.5% and 23.1% compared with those of unmodified ACFF ([table 1](#RSOS180472TB1){ref-type="table"}). These improvements were also observed in the SEM images ([figure 3](#RSOS180472F3){ref-type="fig"}). After the acid treatment, some tiny pores might have been connected, whereas ash and impurities were removed from the pores. Additionally, the activation at high temperature could create new pores and add the pore volume of some original pores, thus increasing the specific surface area of the ACFF. Table 1.Specific surface area and pore distribution in activated carbon fibre felt (ACFF) before and after modification. Note: Different letters ('a and b') in the column indicate a highly significant difference before and after treatment (*p* \< 0.01).typespecific surface area (m^2^ g^−1^)average pore size (nm)micropore volume (cm^3^ g^−1^)unmodified ACFF835.26^b^2.02^b^0.26^b^modified ACFF1104.52^a^2.07^a^0.32^a^

### 3.1.3.. Fourier-transform infrared spectra {#s3a3}

The FTIR spectra of the ACFF before and after modification are shown in [figure 5](#RSOS180472F5){ref-type="fig"}. Only three absorption peaks were found at 1760, 2360 and 3425 cm^−1^, respectively, in the spectra of the unmodified ACFF. The carbonyl absorption peak at 1700--1800 cm^−1^ was characteristic of infrared absorption peak of C = O, COOH or ester C = O; \[[@RSOS180472C31]\] the peak at 2300 cm^−1^ was attributed to CO~2~ \[[@RSOS180472C32]\]. After modification of ACFF, the peak intensity changed at 669, 1760 and 2360 cm^−1^, indicating an increase of sp^3^-hybridized carbon and hence an increase of defects on the felt surface during modification \[[@RSOS180472C31]\]. Moreover, the vibration peaks of oxygen-containing functional groups (1760 and 3425 cm^−1^) were significantly enhanced after felt modification, indicating an introduction of acidic oxygen-containing functional groups onto the surface, including carboxyl, hydroxyl and carbonyl groups. These groups, which are effective active sites for absorption, can greatly enhance the adsorption capacity of the adsorbent for Cr^6+^ \[[@RSOS180472C32]\]. Figure 5.FTIR spectra of activated carbon fibre felt before and after modification.

3.2.. Factors affecting Cr^6+^ electrosorption in water by modified activated carbon fibre felt {#s3b}
-----------------------------------------------------------------------------------------------

The effects of different pH on Cr^6+^ electrosorption in water by the modified ACFF are shown in [figure 6](#RSOS180472F6){ref-type="fig"}*a*. At pH \< 4, the adsorption capacity of Cr^6+^ was relatively high but did not reach the maximum electrosorption capacity. At low pH, more positive charges were present on the surface of the modified ACFF, which resulted in a high electrostatic repulsion on the electrode surface. With increasing pH, the electrostatic repulsion on the electrode surface was reduced, so the Cr^6+^ adsorption capacity of the modified ACFF was increased \[[@RSOS180472C33]\]. The maximum unit adsorption capacity was achieved when the pH was raised to 6. Subsequently, the adsorption capacity of the modified ACFF for Cr^6+^ in water was drastically reduced due to an increase of pH. Meanwhile, the HO^−^ ions in solution competed with Cr~2~O~7~^2−^, HCrO~4~^−^ and Cr~3~O~10~^2−^ for adsorption sites under alkaline conditions, which also reduced the Cr^6+^ adsorption capacity. In practice, if wastewater has a neutral or slightly alkaline pH, it is necessary to adjust the pH to a slightly acidic level before heavy metal treatment using an electrosorption device. Figure 6.Effects of operating parameters on Cr^6+^ adsorption from water by electrosorption onto modified activated carbon fibre felt (*a*) pH; (*b*) voltage; (*c*) initial concentration of Cr^6+^; and (*d*) plate spacing.

The effects of voltage on the adsorption of Cr^6+^ (20 mg l^−1^) by the modified ACFF are shown in [figure 6](#RSOS180472F6){ref-type="fig"}*b*. Within the range of voltage applied, the Cr^6+^ adsorption capacity of the modified ACFF markedly increased with increasing voltage. A higher voltage reinforced the electrosorption of Cr^6+^ onto the modified ACFF. When the voltage increased from 0.6 to 1.2 V, the Cr^6+^ adsorption capacity improved from 5.4 to 11.2 mg g^−1^ and the unit adsorption capacity improved by 107.4%, indicating a significant improvement in adsorption efficiency. An adsorption equilibrium was generally reached in all treatments after 12 h of adsorption. However, when the voltage was greater than 1.0 V, a small amount of bubbles occurred in water and this may be attributable to the weak electrolysis of water caused by the high voltage \[[@RSOS180472C34]\].

The electrosorption of Cr^6+^ in water at different initial concentrations by the modified ACFF is shown in [figure 6](#RSOS180472F6){ref-type="fig"}*c*. As the initial concentration of Cr^6+^ increased, the adsorption capacity of the modified ACFF gradually increased. When the initial concentration of Cr^6+^ was 20 mg l^−1^, an adsorption equilibrium was reached at 10 h, with the adsorption capacity of 11.6 mg g^−1^. When the initial concentration of Cr^6+^ increased to 300 mg l^−1^, the Cr^6+^ adsorption capacity at an adsorption equilibrium improved to 84 mg g^−1^, because the chance of contact between Cr^6+^ and ACFF increased at high concentrations of Cr^6+^. Additionally, as the initial concentration of the contaminant increased, an increase occurred in the difference of the contaminant concentration between solution and ACFF surface. As a result, the tendency of contaminant migration towards the electrode was enhanced, thereby facilitating the contaminant adsorption and improving the adsorption capacity \[[@RSOS180472C34]\].

The effects of plate spacing on the adsorption of Cr^6+^ (300 mg l^−1^) by the modified ACFF are shown in [figure 6](#RSOS180472F6){ref-type="fig"}*d*. The optimal adsorption effect was achieved with the plate spacing of 10 mm, because a smaller plate spacing allowed for the formation of a thicker electric double layer, which, in turn, shortened the migration distance of the charged ions to the electric double layer. However, an over-small spacing between the electrodes may hinder the flow of water, and possibly cause short circuit of the electrodes and increased energy consumption. Additionally, if the plate spacing is too small, there is no clear boundary between positive and negative ions and the freshwater area is very small, thus reducing the ion content in the outflow water. By contrast, if the plate spacing is too large, it takes a long time for the ions to reach and adsorb onto the electric double layer due to the long distance of ion diffusion between the electrodes and low turbulivity. Moreover, the electrode has limited effect on distant ions and cannot adsorb them onto its surface \[[@RSOS180472C35]\]. In summary, 10 mm was the optimal plate spacing for electrosorption of Cr^6+^ by the modified ACFF.

The maximum adsorption capacity of different electrodes for Cr^6+^ (300 mg l^−1^) in water under the optimum conditions is shown in [figure 7](#RSOS180472F7){ref-type="fig"}. The maximum adsorption capacity of activated carbon, unmodified ACFF and modified ACFF, as the adsorbing electrodes, was 6.22, 11.47 and 17.75 mg g^−1^, respectively. Compared with commercially available activated carbon, the ACFF showed a marked improvement in the maximum adsorption capacity either before or after modification, and the difference was highly significant (*p* \< 0.01). ACFF has far larger specific surface area and pore number than activated carbon, while the adsorption sites increase accordingly in the former. Consequently, either modified or unmodified ACFF showed far higher adsorption capacity than activated carbon. Moreover, the modified ACFF showed a significant improvement in the maximum adsorption capacity for Cr^6+^ compared with the unmodified ACFF. This improvement could be attributable to the marked increases in specific surface area, micropore number and adsorption sites of the modified ACFF compared with the unmodified ACFF, in agreement with the conclusions from the above analysis (figures [3](#RSOS180472F3){ref-type="fig"} and [5](#RSOS180472F5){ref-type="fig"}, and [table 1](#RSOS180472TB1){ref-type="table"}). Figure 7.Maximum adsorption capacity of different electrodes (activated carbon, activated carbon fibre felt and modified activated carbon fibre felt) for Cr^6+^ (300 mg l^−1^) under optimal conditions.

3.3.. Kinetics of Cr^6+^ electrosorption {#s3c}
----------------------------------------

The adsorption kinetic data were fitted with pseudo-first-order and pseudo-second-order kinetic models \[[@RSOS180472C15]\] (tables [2](#RSOS180472TB2){ref-type="table"} and [3](#RSOS180472TB3){ref-type="table"}). The fitting results ([figure 8](#RSOS180472F8){ref-type="fig"}) show that the pseudo-second-order kinetic model of Cr^6+^ electrosorption had higher *R*^2^ values (0.9256--0.9989) than the pseudo-first-order kinetic model (0.9348--0.9683). Compared with *q*~1~, *q*~2~ was also much closer to the measured *q*~e~. However, the figure and tables show that the first-order kinetic model could well describe the initial stage of Cr^6+^ electrosorption. As the electrosorption progressed, data were gradually derived from the fitted curve; the first-order kinetic equation was therefore not suitable to describe the entire process of Cr^6+^ electrosorption by the modified ACFF. As diffusion is an important factor limiting the first-order adsorption rate, our results suggest that the electrosorption of ions on the composite electrode was affected by resistance from liquid film diffusion. However, there was a large intercept on the fitted straight line, which indicates that liquid film diffusion was not the sole factor affecting the adsorption rate. Together, these results indicate that Cr^6+^ adsorption onto the modified ACFF is a complex chemical adsorption process. As the second-order kinetic model covered all the adsorption processes, this model could more fully reflect the dynamic mechanism of ion adsorption onto the composite electrode \[[@RSOS180472C36]\]. Figure 8.Kinetic equation fitting results of Cr^6+^ electrosorption onto modified activated carbon fibre felt at different plate spacings (*a*) pseudo-first-order kinetic model and (*b*) pseudo-second-order kinetic model. Table 2.Fitting parameters of the pseudo-first-order kinetic equation for Cr^6+^ electrosorption onto modified activated carbon fibre felt.plate spacing (mm)*q*~e~ (mg g^−1^)*q*~l~ (mg g^−1^)*K*~1~ (min^−1^)*R*^2^208.3311.372−0.4390.9683155.6515.37−0.22580.93481013.9111.459−0.95700.9366513.1713.31−0.31900.9645 Table 3.Fitting parameters of the pseudo-second-order kinetic equation for Cr^6+^ electrosorption onto modified activated carbon fibre felt.plate spacing (mm)*q*~e~ (mg g^−1^)*q*~2~ (mg g^−1^)*K*~2~ (g (mg min)^−1^)*R*^2^208.4715.050.0570.9732155.756.970.16910.92561012.5412.970.07470.9989512.4614.920.06740.9874

3.4.. Thermodynamics of Cr^6+^ electrosorption {#s3d}
----------------------------------------------

The adsorption isotherm data of Cr^6+^ electrosorption by the modified ACFF were fitted with the Langumir and Freundlich models \[[@RSOS180472C37]\]. [Figure 9](#RSOS180472F9){ref-type="fig"} and [table 4](#RSOS180472TB4){ref-type="table"} show that the Langumir model could better describe the electrosorption behaviour of the modified ACFF for Cr^6+^. In the Langumir model, RL = 0.089 indicates preferential adsorption; in the Freundlich model, *n* = 2.39 also indicates preferential adsorption, and the same conclusion can be drawn. --Cr^6+^ adsorption on the modified ACFF was preferential adsorption under the experimental conditions. The Freundlich model was slightly inferior to the Langumir model for fitting the adsorption isotherm data, suggesting that Cr^6+^ adsorption tended to form a monomolecular layer on the modified ACFF. Figure 9.Linear fitting of isothermal models for Cr^6+^ electrosorption onto modified activated carbon fibre felt: (*a*) Langmuir model and (*b*) Freundlich model. Table 4.Freundlich and Langmuir models of Cr^6+^ electrosorption onto modified activated carbon fibre felt.isothermal modelfitting equationcorrelation coefficientFreundlich*y* = 0.4179*x* + 2.7547*n* *=* *2.39k*~f~ *=* *15.71R*^2^ = 0.79432Langmuir*y* = 0.0142*x* + 0.0132*q~m~* *=* *75k*~L~ *=* *1.06R*^2^ = 0.9968

3.5.. The intraparticle diffusion model {#s3e}
---------------------------------------

As shown in [figure 10](#RSOS180472F10){ref-type="fig"} and [table 5](#RSOS180472TB5){ref-type="table"}, the equation of the intraparticle diffusion model did not pass the origin. The result indicated that there are two key processes during the adsorption, namely membrane diffusion and internal diffusion. At the beginning of adsorption, it was the surface diffusion stage. There was a relatively high adsorption rate and large adsorption power at this stage, which were mainly due to that fact that the surface adsorption site of the activated carbon felt is sufficient and there was a relatively high Cr^6+^ content in the solution. Therefore, the main influencing factor of the intraparticle diffusion step is the adsorption power. With the increase of Cr^6+^ content in the solution, the adsorption power observably increased and the slope of the equation also became larger ([figure 10](#RSOS180472F10){ref-type="fig"} and [table 5](#RSOS180472TB5){ref-type="table"}). After the adsorption time reached 480 min, it would be into the internal diffusion stage. The adsorption power was weaker due to the relatively fewer adsorption sites and low Cr^6+^ content. This stage depended on the membrane diffusion and internal diffusion. At the final stages of adsorption, it would reach equilibrium owing to the almost saturated adsorption sites. Figure 10.Model of internal diffusion of Cr^6+^ electrostatic sorption in ACFF. Table 5.Model of internal diffusion of Cr^6+^ electrostatic sorption in ACFF.the initial concentration of Cr^6+^ (mg l^−1^)Ki1*R*^2^Ki2*R*^2^200.43420.80920.11640.8026601.25060.99970.73890.99581001.52060.88991.32770.9112002.25640.73322.82190.95763003.04290.97880.88980.7009

3.6.. Backwashing and regeneration of electrosorption reactor {#s3f}
-------------------------------------------------------------

The regeneration rate of different adsorbing electrodes is shown in [figure 11](#RSOS180472F11){ref-type="fig"}. After five cycles of backwashing and regeneration, the regeneration rates of activated carbon, unmodified ACFF and modified ACFF were maintained at approximately 81%, 87% and 94%, respectively. The modified ACFF showed a markedly higher regeneration rate than the activated carbon and unmodified ACFF, and the difference was highly significant. The electrode sheet remained intact in the process of backwashing and regeneration. No scaling or passivation was observed. The regeneration rate did not significantly change with increasing times of backwashing and regeneration, indicating that the modified ACFF had a desalination cycle and a long service life \[[@RSOS180472C38]\]. Figure 11.Regeneration rate of different electrodes used for Cr^6+^ electrosorption. Data are means ± s.d. (*n* = 3). Different letters above the column indicate significant difference at *p* \< 0.01.

4.. Conclusion {#s4}
==============

The ACFF treated with 20% HNO~3~ showed improvements in specific surface area, average pore size and micropore volume. The modified ACFF also had an increased number of carbonyl and carboxyl groups, which provided more active adsorption sites. The optimal working conditions for electrosorption Cr^6+^ by the modified ACFF electrode were: voltage, 1.2 V; pH, 6; and plate spacing, 10 mm. The kinetics of Cr^6+^ electrosorption on the modified ACFF electrode conformed to the pseudo-second kinetic equation, and the electrosorption isotherm conformed to the Langmuir model. These findings provide evidence for further exploring the inherent mechanism of desalination by electrosorption. The regeneration rate of the modified ACFF was approximately 94% after multiple adsorption-regeneration cycles by polarity reversal, with 20% HNO~3~ solution as the regenerant. The ACFF electrode showed excellent regenerability and could greatly reduce the application costs of the desalination technique by electrosorption, which provided theoretical support for large-scale application of this technique.
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